We perform an analysis of the K * polarization states in the exclusive B meson decay B 0 → K * 0 (→ K − π + )l + l − (l = e, µ, τ ) in the low dilepton mass region, where the final vector meson has a large energy. Working in the transversity basis, we study various observables that involve the K * spin amplitudes A ⊥ , A , A 0 by exploiting the heavyto-light form factor relations in the heavy quark and large-E K * limit. We find that at leading order in 1/m b and α s the form-factor dependence of the asymmetries that involve transversely polarized K * completely drops out. At next-to-leading logarithmic order, including factorizable and non-factorizable corrections, the theoretical errors for the transverse asymmetries turn out to be small in the standard model (SM). Integrating over the lower part of the dimuon mass region, and varying the theoretical input parameters, the SM predicts A
Introduction
The decay B 0 → K * 0 (→ K − π + )l + l − , where l stands for e, µ, τ , is interesting as a testing ground for the standard model (SM) and its extensions [1] [2] [3] [4] [5] [6] [7] [8] [9] . In particular, it has been shown that a study of the angular distribution of the four-body final state allows to search for right-handed currents [1, 3] and provides additional information on CP violation [2] . Since the exclusive B 0 → K * 0 l + l − decay involves the heavy-to-light transition form factors parametrizing the hadronic matrix elements, it usually suffers from large theoretical uncertainties, which amount to ∼ 30% on the branching ratio [8, 9] . However, the theoretical errors can be reduced by exploiting relations between the form factors that emerge in the limit where the initial hadron is heavy and the final meson has a large energy [10] . In this case, the seven a priori independent B → K * transition form factors can be expressed through merely two universal form factors at leading power in 1/m b and α s [10] . While this reduces the hadronic uncertainties in the calculation of exclusive B decays, it restricts the validity of the theoretical predictions to the dilepton mass region below the J/ψ mass. Corrections to the heavy quark and large energy limit, at next-to-leading logarithmic (NLL) order, have been computed in [11, 12] including factorizable and non-factorizable contributions. (The corrections to the heavy-to-light form factors at large recoil energy can be calculated systematically within the soft-collinear effective theory [13] .) In this paper, we study various observables that involve different combinations of K * spin amplitudes, whose moduli and phases can be extracted from an analysis of the angular distribution of B 0 → K * 0 (→ K − π + )l + l − [2] . In order to reduce the uncertainties due to the hadronic form factors, we concentrate on quantities that contain only ratios of K * polarization amplitudes. Special emphasis is put on those observables that involve transversely polarized K * , which turn out to be largely independent of the hadronic form factors, even after including NLL corrections. We also make use of the NLL order corrections [11, 12] , as a first approach, to study the robustness of the set of observables analysed below. Subleading effects in the heavy quark expansion [7, 14] will be included elsewhere. Our paper is organized as follows. In Sec. 2 we setup our theoretical framework. Section 3 contains the angular distribution in the transversity basis and the polarization amplitudes of the final vector meson. In Sec. 4 we discuss various observables that are sensitive to the polarization states of K * . We study in detail the implications of factorizable and non-factorizable corrections to these observables in the SM. The impact of new physics is investigated in a model-independent manner. In particular, the implications of right-handed currents in the low dilepton invariant mass region are examined. Our summary and conclusions can be found in Sec. 5. For the paper to be self-contained, we provide in the appendix the angular distribution
Theoretical framework
We begin with the matrix element of the decay 
i (µ) are the Wilson coefficients and local operators respectively. For a complete set of operators in the SM (i.e. O i 's) and beyond, we refer to [15] [16] [17] .
In our subsequent analysis, we concentrate on
where
is the running mass in the MS scheme. As for the primed operators [16, 17] , we restrict ourselves to
(Below we show how to include the chiral partners of O 9,10 in our analysis.) Since there are no right-handed currents in the SM, 1 the coefficient accompanying O ′ 7 is non-zero only in certain extensions of the SM such as the left-right model [16] and the unconstrained supersymmetric standard model [17] .
Matrix element
Given the above Hamiltonian, the matrix element can be written as
where q is the four-momentum of the lepton pair. Explicit expressions for the short-distance coefficients, including next-to-next-to-leading logarithmic (NNLL) corrections, can be found in Refs. [18] [19] [20] .
The hadronic part of the matrix element describing the B → Kπ transition can be parametrized in terms of B → K * form factors by means of a narrow-width approximation [2] . The relevant form factors are defined as [8, 21] :
and
In the above, q = p l + + p l − , s = q 2 , and ǫ µ is the K * polarization vector.
Heavy-to-light form factors at large recoil
As we have already mentioned, interesting relations between the hadronic form factors emerge in the limit where the initial hadron is heavy and the final meson has a large energy [10] . In this case, the form factors can be expanded in the small ratios Λ QCD /m b and Λ QCD /E, where E is the energy of the light meson. Neglecting corrections of order 1/m b and α s , the seven a priori independent B → K * form factors in Eqs. (2.5) and (2.7) reduce to two universal form factors ξ ⊥ and ξ [10, 11] :
Here, E K * is the energy of the final vector meson in the B rest frame,
Since the theoretical predictions are restricted to the kinematic region in which the energy of the K * is of the order of the heavy quark mass (i.e. s ≪ m 2 B ), we confine our analysis to the dilepton mass in the range 2m l M l + l − 2.5 GeV. The relations in Eqs. (2.8) are valid for the soft contribution to the form factors at large recoil, and are violated by symmetry breaking corrections of order α s and 1/m b . The corrections at first order in α s have been computed in [11, 12] and will be discussed in more detail in Sec. 4.2. However, it should be noted that the ratios A 1 /V and T 1 /T 2 do not receive α s corrections to leading power in 1/E K * [11, 22] . This in turn leads to a specific behaviour of the amplitudes describing the transverse polarization states of the K * in the heavy quark and large energy limit, as explained below.
Angular distribution and transversity amplitudes
Assuming the K * to be on the mass shell, the decay
described by four independent kinematic variables; namely, the lepton-pair invariant mass, s, and the three angles θ l , θ K * , φ. In terms of these variables, the differential decay rate can be written as [2] 
where I i depend on products of the four K * spin amplitudes A ⊥ , A , A 0 , A t , and f i are the corresponding angular distribution functions (see Appendix A for details). Note that A t is related to the time-like component of the virtual K * , which does not contribute in the case of massless leptons. Given the matrix element in Eq. (2.4), we obtain for the transversity amplitudes
3) 5) which are related to the helicity amplitudes used, e.g., in [1, 3, 6] through
In the above formulae, λ = m
Note that the contributions of the chirality-flipped operators O ′ 9,10 = O 9,10 (P L → P R ) can be included in the above amplitudes by the replacements C 
Transversity amplitudes at large recoil
The transversity amplitudes in Eqs. (3.2)-(3.5) take a particularly simple form in the heavy quark and large energy limit. In fact, exploiting the form factor relations in Eqs. (2.8), we obtain at leading order in 1/m b and α s (i) Within the SM, we recover the naive quark-model prediction of A ⊥ = −A [23, 24] in the m B → ∞ and E K * → ∞ limit (equivalentlym 2 K * → 0). In this case, the s quark is produced in helicity −1/2 by weak interactions in the limit m s → 0, which is not affected by strong interactions in the massless case [22] . Thus, the strange quark combines with a light quark to form a K * with helicity either −1 or 0 but not +1. Consequently, the SM predicts at quark level H +1 = 0, and hence A ⊥ = −A [cf. Eq. (3.6)], which is revealed as |H −1 | ≫ |H +1 | (or A ⊥ ≈ −A ) at the hadron level.
(ii) The longitudinal and time-like (transverse) polarizations of the K * involve only the universal form factors ξ (ξ ⊥ ) in the m B → ∞ and E K * → ∞ limit.
4 K * polarization as a probe of new physics
Observables
The study of the angular distribution in the decay
nation of the K * spin amplitudes along with their relative phases (see Appendix A). In order to minimize the theoretical uncertainties due to the hadronic form factors, we consider only those observables that involve ratios of amplitudes. (For a discussion of the error on the decay amplitudes of B 0 → K * 0 l + l − , we refer to Ref. [6] .)
Introducing the shorthand notation
we investigate the following observables. (i) Transverse asymmetries
For final states with l = e or µ it can be directly determined from the two-dimensional differential decay rate dΓ/(ds d cos
, since the corresponding lepton-mass corrections are negligibly small.
T , α K * , and F L,T , which are obtained from the ones above by integrating numerator and denominator separately over the dilepton invariant mass.
SM prediction for the K * polarization
In this section we perform a detailed analysis of the previously defined observables within the SM. Following the work of Beneke et al. [12] , we include factorizable and non-factorizable corrections at NLL order. Since these results are applicable only to the region where s 4m 2 c , we consider in the remainder of this paper muons in the final state with 2m µ M µ + µ − 2.5 GeV.
To include the NLL corrections to the transversity amplitudes in the SM, we set C eff 7
2)-(3.4) and replace
with the Wilson coefficients C 9,10 taken at NNLL order (in the terminology of Ref. [12] ). The T i in Eq. (4.5) are given by
where T a (a = ⊥, ) contain factorizable (f) and non-factorizable (nf) contributions [12] :
with
Explicit expressions for the T 's, C's, λ −1 B,− (s) and the light-cone wave functions Φ K * a , together with the remaining input parameters, can be found in Ref. [12] .
Let us now analyse the impact of the NLL corrections on the observables introduced in the preceding subsection. In particular, we are interested in the sensitivity of these quantities to a variation of the theoretical input parameters, which we take from Table 2 of [12] .
We proceed by computing the quantities defined in Eqs. (4.2)-(4.4) to NLL accuracy by replacing the Wilson coefficients according to Eq. (4.5). We find that the dependence on the actual values of the soft form factors ξ ⊥, (0) plays an important role in certain observables, as can be seen from Eqs. (4.7) and (4.8). Furthermore, we have explored the sensitivity of the NLL result to the scale dependence of the observables, which is mainly due to the hard-scattering correction, by changing the scale µ from m b /2 to 2m b . This scale dependence is, apart from the error on the soft form factors at s = 0, the main source of uncertainty. We have included the errors associated with the input parameters in quadrature. Concerning a variation of m c /m b , which affects mainly the contributions to the matrix element of the chromomagnetic operator (specifically the functions F T (s) ∼ 0. At NLL order, the impact of the soft form factors depends on the relative size of the NLL corrections compared to the leading order ones. In Fig. 1 , we plot A (1,2) T versus the dimuon mass M µ + µ − including NLL order corrections [11, 12] to the form factor relations in Eqs. (2.8) . Note that the small cusp, e.g., in the left plot of Fig. 1 is due to a variation of m c and it is an artifact of the cc threshold in the charm loop diagrams. It is remarkable that there is only a small difference between the NLL result (solid curve) and the LL one (dashed curve). Furthermore, the sensitivity of the transverse asymmetries to the theoretical input parameters is rather weak. Indeed, neither the scale dependence nor the inclusion of the hadronic uncertainties (added in quadrature) induces large deviations. We stress that the shaded areas in Fig. 1 also take into account the possibility of a much smaller value for the soft form factor, namely ξ ⊥ (0) = 0.24, which is favoured by a fit to experimental data on B(B → K * γ) [12, 26] . The small impact of the theoretical uncertainties found, including the NLL corrections, shows the robustness of the transverse asymmetries and makes them an ideal place to search for new physics. The predictions for α K * and F L,T in the SM are shown in Fig. 2 . As can be seen from the left plot in Fig. 2 , there is a strong impact of the NLL corrections (solid curves) on α K * . Moreover, T as a function of the dimuon mass at LL (dashed line) and NLL (solid line). The shaded area has been obtained by varying the renormalization scale, the b-quark mass, m c /m b , the input parameters according to Ref. [12] , and ξ ⊥ (0) as described in the text. the error band is substantially larger even for a fixed value of ξ ⊥ (0) = 0.35. A more detailed analysis of the dependence on the value of ξ ⊥ (0) shows that if we consider instead ξ ⊥ (0) = 0.24, which corresponds to the upper solid curve, the deviation would induce an even larger error band. In fact, as can be seen from the LL expressions in Eqs. (3.8)-(3.10), together with (4.3) and (4.4), there is no cancellation between the soft form factors. As a result, changing ξ ⊥ (0) from 0.35 to 0.24 should enhance the maximum of α K * , as a function of the dimuon mass, by roughly a factor of two. This is also the case at NLL order, as can be inferred from the left plot in Fig. 2 . The strong sensitivity of α K * to the poorly known quantity ξ ⊥ (0) therefore requires a better theoretical control on the soft form factor.
As far as F L,T are concerned, they also depend on ξ ⊥ (0), but the fact that the normalization factor includes A 0 reduces the impact on the soft form factor. The right plot in Fig. 2 shows the LL result (dashed curve), the NLL (solid curve) and two bands. The internal one includes all errors for fixed ξ ⊥ (0) = 0.35, while the wider band includes a variation of ξ ⊥ (0) between 0.24 and 0.35. Note that our results for the K * polarization fractions are slightly different from those of Ref. [6] . This can be traced to the different parametrization and normalization of the soft form factors appearing in Eqs. (3.8)-(3.11) (see Fig. 1 in [6] ). Finally, we have computed the integrated observables including NLL corrections and using Table 1 . Notice that the theoretical uncertainties of the asymmetries A
(1,2) T amount to less then 7%, so that its measurement will allow a precise test of the SM.
Impact of new physics on the K * polarization
We now study model-independently the implications of right-handed currents for the observables defined in Eqs. (′) include the left-right model [16] , the unconstrained minimal supersymmetric standard [17] , and an SO(10) SUSY GUT model with 3 The coefficient C 9 is related to the effective one introduced in Eq. (2.4) through C [12] .
0.9986 ± 0.0002 −0.043 ± 0.003 3.47 ± 0.71 0.69 ± 0.03 0.31 ± 0.03 large mixing betweens R andb R [25] . In our analysis we use the Wilson coefficients and soft form factors ξ ⊥, of Ref. [12] . Furthermore, we take, for simplicity, the leading-order condition T in the low dilepton mass region is maximal for the extreme case where new physics cancels the SM contributions to C eff 7 , so that A
T has a zero in the presence of new physics, contrary to the SM case. (Our results for the new-physics contributions in the left plot of Fig. 3 are very similar to the ones obtained in the left-right model of [1] .) But even if there is only a small contribution from right-handed currents to the transverse polarization of K * (right plot in Fig. 3 ), the effects are quite different from the SM predictions. As far as A
T is concerned (Fig. 4) , it is not only sensitive to the magnitude of the right-handed current coupling C eff′ 7 , but also to its sign. Moreover, for very low dilepton masses, A (2) T can be used to determine the helicity amplitudes in the radiative B → K * γ decay, as was shown in Ref. [5] . We note parenthetically that this asymmetry was studied in Ref. [3] within a generic supersymmetric extension of the SM, but without using the soft form factor relations in Eqs. (2.8).
So far we have assumed that new physics enters only via C eff(′) 7
while the remaining coefficients are SM-like. Allowing for non-standard contributions to the coefficients C 9,10 , and taking T as a function of the dimuon mass, for different new-physics scenarios. See Fig. 3 for details. 
, 0]. The remaining Wilson coefficients are assumed to be SM-valued.
into account the constraints from rare B decays [9, 29] (see also [30] ), we obtain the asymmetries shown in Figs. 5 and 6. As can be seen, a determination of the magnitude of the right-handed currents is possible even in the presence of new-physics contributions to C 9,10 of the order of 20%. In view of this and the small theoretical uncertainties expected from our previous discussion in the SM, it is clear that the transverse asymmetries A (ii) α K * . Our results for the K * polarization parameter are shown in Fig. 7 . Like in the case of the transverse asymmetries, new physics can give large contributions, but only for extreme scenarios. We emphasize that some of the new-physics scenarios shown in Fig. 7 are indistinguishable if we also allow C 9,10 to deviate from their SM values. Moreover, from our discussion of the SM prediction, we expect important NLL corrections to α K * in the presence of new physics and a large theoretical error due to the poorly known form factor ξ ⊥ (0). (iii) F L,T . The longitudinal and transverse polarization fractions are plotted in Fig. 8 for two scenarios of C eff(′) 7
. Recalling that the polarization fractions are related to the K * polarization parameter, α K * = 2F L /F T − 1, the conclusions drawn in (ii) also apply to F L,T except that the uncertainty induced by the parameter ξ ⊥ (0) is smaller. As far as additional operators are concerned, we merely mention that their impact on F L /F T was studied model-independently in Ref. [31] , but for C eff 7 ′ = 0 and without using the soft form factor relations in Eqs. (2.8).
Summary and conclusions
In this paper we have performed a detailed analysis of the K * polarization states in the decay
We have focused on the kinematic region in which the energy of the K * is of order O(m b ), so that the theoretical predictions for the heavy-to-light form factors are applicable [11, 12] . Within the framework of the SM, we have taken into account factorizable as well as non-factorizable corrections at NLL order. We have shown that the asymmetries A
(1,2) T , which involve transversely polarized K * , are largely free of hadronic uncertainties. At leading order in the heavy quark and large energy expansion, we have found that the dependence of the transverse asymmetries on the hadronic form factors completely drops out. Taking into account NLL corrections of order α s [12] , and varying the theoretical input parameters, the error on the integrated transverse asymmetries in the low dimuon mass region is found to be less than 7%. Within the SM, we obtain at NLL order A will allow a precise test of the SM. We have also investigated the K * polarization fractions in the low dimuon mass region. At NLL order, the longitudinal and transverse polarization fractions are predicted to be (69 ± 3)% and (31 ± 3)% respectively, and hence Γ L /Γ T = 2.23 ± 0.31. We further studied model-independently the implications of new physics for the K * polarization states. Since the low dilepton mass region is dominated by the photon pole, |C 
Taking into account constraints on the inclusive b → sγ branching ratio and assuming C 9,10 being SM-like, we have found large effects on the transverse asymmetries A
(1,2) T (Figs. 3 and  4) and on the K * polarization parameter α K * (Fig. 7) . While the former observables provide a useful tool to search for new physics, the latter still suffers from theoretical uncertainties due to the soft form factor ξ ⊥ (0) (see Fig. 2 ). Nevertheless, the K * polarization parameter will provide valuable information on non-standard physics once we have better control on the actual value of ξ ⊥ (0). We have also investigated the implications of new physics for the longitudinal and transverse polarization fractions (Fig. 8 ) whose measurement will allow to constrain beyond-the-SM scenarios. In addition to the aforementioned scenario with C 9,10 being SM-valued, we have investigated the case where these coefficients receive additional contributions. Focusing on the transverse asymmetries A (Figs. 5 and 6 ). Thus, they provide an especially useful tool to search for right-handed currents in the low dilepton mass region.
To sum up, the study of the angular distribution of the decay B 0 → K * 0 (→ K − π + )l + l − provides valuable information on the K * spin amplitudes. This enables us to probe non-standard interactions in a way that is not possible through measurements of the branching ratio and the lepton forward-backward asymmetry. Of particular interest is the lower part of the dilepton invariant mass region, where the hadronic uncertainties can be considerably reduced by exploiting the heavy-to-light form factor relations in the heavy quark and large-E K * limit. The three angles θ l , θ K * , φ, which uniquely describe the decay B 0 → K * 0 (→ K − π + )l + l − , are illustrated in Fig. 9 . Note that φ is the angle between the normals to the planes defined by K − π + and l + l − in the rest frame of the B meson; that is, defining the unit vectors 4) where p i denote three-momentum vectors in the B rest frame, we have sin φ = (e l × e K ) · e z , cos φ = e K · e l . (A.5)
4 For a Kπ pair with an invariant mass s Kπ = m 2 K * , the decay is parametrized by five kinematic variables.
The functions I 1−9 in Eq. (A.3) can be written in terms of the transversity amplitudes A 0 , A , A ⊥ , A t . The last of these corresponds to the scalar component of the virtual K * , which is negligible if the lepton mass is small. For m l = 0, we find
